INTRODUCTION
============

Cholera toxin (CT), secreted by *Vibrio cholerae*, is the virulence factor responsible for inducing massive secretory diarrhea. Structurally, CT is composed of a catalytic A subunit (CTA) inserted into a pore formed by five receptor-binding B subunits (CTBs; [@B44]). CTA is further divided into two subunits: CTA1 and CTA2. CTA1, which harbors the toxin\'s catalytic domain, is linked to CTA2 via a disulfide bond. Additional noncovalent interactions between CTA1 and CTB provide structural support for the native holotoxin.

To cause disease, CT binds to the glycolipid ganglioside GM1 receptor on the plasma membrane of intestinal epithelial cells. This interaction induces toxin internalization, enabling the toxin to traffic in a retrograde manner through the Golgi complex to reach the endoplasmic reticulum (ER; Fujinaga *et al*., 2003). In the ER, CTA is reduced to generate CTA1. CTA1 then retrotranslocates to the cytosol, where it triggers a signaling cascade leading to the opening of a chloride channel; the ensuing chloride ion and water loss by intestinal epithelial cells leads to the cholera disease ([@B29]).

In the ER, CT is postulated to hijack the ER-associated degradation (ERAD) machinery to gain access to the cytosol ([@B21]). This machinery normally recognizes and ejects misfolded ER proteins to the cytosol, where they are ubiquitinated and degraded by the proteasome ([@B43]). The toxin, however, avoids ubiquitination upon reaching the cytosol and evades proteasomal destruction ([@B41]). While the precise molecular mechanism by which CTA1 retrotranslocates from the ER to the cytosol is unclear, recent findings illuminate some aspects of this decisive intoxication step.

Accumulating evidence pinpoints the central ERAD component as being a membrane-bound E3 ubiquitin ligase ([@B43]; Smith *et al*., 2011). This ligase operates in conjunction with numerous associated adaptors, including integral membrane proteins such as Derlins and Sel1L ([@B30]), the ER lumenal housekeeping chaperones BiP ([@B22]), and protein disulfide isomerase (PDI; [@B2]), as well as the cytosolic p97 ATPase ([@B51]). Together they coordinate events on the ER membrane\'s lumenal and cytosolic sides to promote retrotranslocation of a specific substrate ([@B16]).

We previously demonstrated that CTA1 coopts the membrane E3 ubiquitin ligases Hrd1 and gp78 to cross the ER membrane ([@B3]). A few of these ligases' adaptors have been implicated in toxin retrotranslocation. For example, Derlin-1, but not Derlin-2, facilitates CTA1 retrotranslocation in mammalian cells ([@B2]; [@B11]). Derlins, however, may not be involved in promoting toxin transport in zebrafish ([@B42]). A Derlin-1--interacting, ER-resident ATPase called TorsinA also supports CTA1 ER-to-cytosol transport ([@B34]). In addition, BiP and PDI have been shown to be critical for mediating CTA1 retrotranslocation ([@B47]; [@B50]; [@B13]; [@B32]). Finally, two independent reports suggest that p97 plays a modest role in facilitating toxin retro­translocation ([@B1]; [@B26]).

While these findings provide insight into the role of E3 ligases and their associated factors during CTA1 retrotranslocation, how the E3s capture CT once the toxin reaches the ER to initiate retrotranslocation remains unclear. We hypothesize that this reaction is supported by ER factors associated with the Hrd1 complex or any of its adaptor proteins. In this study, using an established cell-based retrotranslocation assay coupled with small interfering RNA (siRNA) and overexpression approaches, we pinpoint Sel1L and ERdj5 in facilitating CTA1 retrotranslocation. ERdj5 is a cochaperone of BiP that contains a J and four redox-active thioredoxin domains implicated in ERAD ([@B12]; [@B48]). Additionally, we found an intact ERdj5 J domain is critical for this process. Biochemical studies indicate ERdj5 binds to Sel1L directly and promotes BiP--toxin interaction. ERdj5\'s physical proximity to the Hrd1 complex, via binding to Sel1L, enables ERdj5 to trigger BiP--toxin interaction next to the Hrd1 complex. We propose that this scenario allows the Hrd1-associated retrotranslocation machinery to capture CT efficiently once the toxin is released from BiP.

RESULTS
=======

ERdj5 knockdown decreases CTA1 retrotranslocation
-------------------------------------------------

ERdj5 is a bifunctional protein harboring both a J domain and four redox-active thioredoxin domains ([@B48]; [@B20]). J proteins typically stimulate the ATPase activity of Hsp70 chaperones to regulate chaperone--substrate interactions ([@B25]), while redox-active thioredoxin domains are used to oxidize, reduce, and isomerize disulfide bonds ([@B6]). We therefore postulate that ERdj5 controls CTA1 retrotranslocation by using either its J domain to stimulate BiP--toxin binding or its thioredoxin domains to reduce CTA and generate CTA1, the substrate for retrotranslocation. For testing this possibility, full-length unspliced ERdj5 (ERdj5u), the major ERdj5 form expressed in 293T cells, was knocked down using two different siRNA oligonucleotides directed specifically against ERdj5 (i.e., ERdj5 \#1 and \#2 siRNAs) in 293T cells. Cells were transfected with a control siRNA (scrambled), ERdj5 \#1 siRNA, or ERdj5 \#2 siRNA; harvested; and lysed; and the resulting whole-cell lysate (WCL) was subjected to SDS--PAGE followed by immunoblotting. Compared with a WCL derived from cells transfected with a scrambled siRNA, the ERdj5u level markedly decreased in WCLs derived from cells transfected with the ERdj5-specific siRNAs ([Figure 1A](#F1){ref-type="fig"}, top panel, compare lanes 2 and 3 with lane1). Under the knocked-down conditions, the Hrd1 and Sel1L levels were unaffected ([Figure 1A](#F1){ref-type="fig"}, second and third panels from top). Moreover, ERdj5u knockdown did not up-regulate PDI and BiP, two unfolded protein response (UPR) markers induced upon ER stress ([Figure 1A](#F1){ref-type="fig"}, fourth and fifth panels from top, compare lanes 2 and 3 with lane1), consistent with a previous report ([@B48]). Thus ERdj5u was down-regulated efficiently without triggering massive ER stress.

![ERdj5 knockdown decreases CTA1 retrotranslocation. (A) WCLs from 293T cells transfected with a scrambled, ERdj5 \#1, or ERdj5 \#2 siRNA were analyzed by SDS--PAGE and immunoblotted with the indicated antibodies. The ERdj5 antibody used was from Santa Cruz Biotechnology. (B) Cells were incubated with digitonin and centrifuged. The resulting supernatant and pellet fractions were analyzed for the presence of the cytosolic Hsp90 and ER-resident PDI markers. This protocol represents the fractionation procedure used in the retrotranslocation assay. The vertical black line indicates splicing of the lanes from the same blot. (C) Cells transfected with a scrambled, ERdj5 \#1, or ERdj5 \#2 siRNA were incubated with CT (10 nM) for 90 min and subjected to the retrotranslocation assay, as in (B). The supernatant and pellet fractions were analyzed by immunoblotting with the indicated antibodies. (D) The CTA1 band intensity generated in (C) was quantified with ImageJ. Mean of four independent experiments. A two-tailed *t* test was used. Error bars: ±SD. (E) Cells transfected with a scrambled or ERdj5 \#1 siRNA were intoxicated with CT (10 nM) for the indicated time and harvested, and the resulting WCLs were analyzed with nonreducing SDS--PAGE followed by immunoblotting with the indicated antibodies.](785fig1){#F1}

To determine whether CTA1 retrotranslocation is perturbed when ERdj5u is knocked down, we used a cell-based semipermeabilized CTA1 retrotranslocation assay established by our laboratory ([@B13]; [@B2]; [@B32]). This assay has since been used by other laboratories to study CTA1 retrotranslocation ([@B46]; [@B49]; [@B34]), as well as by our laboratory and others to examine polyomavirus retrotranslocation ([@B17]; [@B18]; [@B24]). Briefly, cells are permeabilized with a low concentration (0.04%) of the gentle detergent digitonin. Under this condition, only the plasma membrane, but not internal membranes, is expected to be permeabilized. Subsequent centrifugation of the sample generates a supernatant and pellet fraction. When these samples are subjected to SDS--PAGE followed by immunoblotting, the cytosolic Hsp90 appears mostly in the supernatant fraction ([Figure 1B](#F1){ref-type="fig"}, compare lane 1 with lane 2), while the ER-resident PDI is present essentially in the pellet fraction ([Figure 1B](#F1){ref-type="fig"}, compare lane 2 with lane 1). Thus the supernatant fraction contains the cytosolic material, and the pellet fraction contains membranes, including the ER membrane. CTA1 appearance in the supernatant fraction therefore represents cytosol-localized retrotranslocated toxin.

Accordingly, cells transfected with the scrambled siRNA, ERdj5 \#1 siRNA, or ERdj5 \#2 siRNA were intoxicated with CT (10 nM) for 90 min and subjected to digitonin permeabilization and centrifugation, with the resulting supernatant and cytosolic fractions analyzed by nonreducing SDS--PAGE followed by immunoblotting. Our data demonstrate that the CTA1 level decreased in the supernatant fraction derived from cells transfected with ERdj5 \#1 and ERdj5 \#2 siRNAs when compared with scrambled siRNA ([Figure 1C](#F1){ref-type="fig"}, top panel, compare lanes 2 and 3 with lane 1). As only a small fraction of total CTA1 appeared in the supernatant fraction ([Figure 1C](#F1){ref-type="fig"}, compare first and third panels from top), any expected corresponding changes of the CTA1 level in the pellet fraction were not obvious, consistent with our previous observations ([@B2], [@B3]; [@B32]). Quantification of the CTA1 band intensity demonstrated that an approximately 60% decrease in toxin retrotranslocation when ERdj5u was down-regulated using either siRNAs ([Figure 1D](#F1){ref-type="fig"}). We conclude that ERdj5u facilitates CTA1 retrotranslocation.

One potential mechanism by which ERdj5u affects CTA1 retrotranslocation is by using its redox-active thioredoxin domains to reduce CTA to generate CTA1. For assessing whether CTA1 formation was affected by ERdj5u down-regulation, cells transfected with scrambled or ERdj5 \#1 siRNA were intoxicated with CT (10 nM) for 20, 45, or 90 min. The resulting WCLs were subjected to nonreducing SDS--PAGE followed by immunoblotting. In cells transfected with scrambled siRNA, CTA1 appeared at both the 45- and 90-min, but not the 20 min, postintoxication time points ([Figure 1E](#F1){ref-type="fig"}, top panel, compare lanes 2 and 3 with lane 1). Thirty minutes postintoxication is approximately the time in which some CT first reaches the ER, where CTA is reduced to CTA1. In cells transfected with ERdj5 \#1 siRNA, the CTA1 level generated at both the 45- and 90-min time points was similar to that seen in cells transfected with scrambled siRNA ([Figure 1E](#F1){ref-type="fig"}, top panel, compare lanes 5 and 6 with lanes 2 and 3). Therefore ERdj5u mediates CTA1 retrotranslocation without affecting CTA reduction.

WT but not mutant ERdj5 overexpression stimulates CTA1 retrotranslocation
-------------------------------------------------------------------------

To complement the loss-of-function approach, we used a gain-of-function strategy to further support ERdj5\'s role in promoting CTA1 retrotranslocation. In addition to full-length ERdj5u, a cDNA encoding an ERdj5 alternatively spliced form was reported that lacks 46 amino acids located within a redox-inactive thioredoxin domain of ERdj5u ([@B19]); we refer to this spliced form as ERdj5s. Although an ERdj5s cDNA was derived from mRNA isolated from 293T cells, the ERdj5s protein is below the sensitivity threshold of the antibody used in our study, as only ERdj5u can be detected ([Figure 1A](#F1){ref-type="fig"}, top panel). Nonetheless, 293T cells were transfected with either human wild-type (WT) ERdj5s containing a C-terminal FLAG epitope (WT ERdj5s-FLAG) or human WT ERdj5u containing a C-terminal FLAG epitope (WT ERdj5u-FLAG) and harvested, and the resulting WCLs were subjected to SDS--PAGE followed by immunoblotting with a FLAG antibody. We found WT ERdj5s-FLAG migrated faster than WT ERdj5u-FLAG, as expected ([Figure 2A](#F2){ref-type="fig"}, top panel, compare lane 2 with lane 3). When these cells were incubated with CT (10 nM) for 90 min and the resulting WCLs were analyzed, the data indicate that overexpressing WT ERdj5s-FLAG or WT ERdj5u-FLAG did not increase CTA1 formation ([Figure 2A](#F2){ref-type="fig"}, top panel, compare lane 5 with lanes 4 and 6). We conclude that overexpressing either ERdj5 variant does not promote CTA reduction to generate CTA1.

![ERdj5 overexpression stimulates CTA1 retrotranslocation. (A) WCLs derived from 293T cells transfected with vector, WT ERdj5s-FLAG, or WT ERdj5u-FLAG and intoxicated with CT (10 nM) were analyzed by immunoblotting using the indicated antibodies. (B) Cells transfected with vector, WT ERdj5s-FLAG, or H63Q ERdj5s-FLAG were incubated with CT (10 nM) for 90 min and subjected to the retrotranslocation assay, as in [Figure 1C](#F1){ref-type="fig"}. The supernatant and pellet fractions and the WCLs were analyzed by immunoblotting with the indicated antibodies. (C) The CTA1 band intensity in (B) was quantified as in [Figure 1D](#F1){ref-type="fig"}. Mean of five independent experiments. A two-tailed *t* test was used. Error bars: ± SD. (D) As in (B), except only vector and WT ERdj5u-FLAG were transfected. (E) The CTA1 band intensity in (D) was analyzed as in (C). Mean of seven independent experiments. A two-tailed *t* test was used. Error bars: ±SD.](785fig2){#F2}

For determination of whether CTA1 retrotranslocation was affected by ERdj5 overexpression, cells transfected with vector or WT ERdj5s-FLAG were intoxicated with CT (10 nM) for 90 min and subjected to the semipermeabilized retrotranslocation assay as before. Indeed, WT ERdj5s-FLAG overexpression caused a 2.5-fold increase in the supernatant CTA1 level ([Figure 2B](#F2){ref-type="fig"}, top panel, compare lane 2 with lane 1; quantified in [Figure 2C](#F2){ref-type="fig"}). To assess whether WT ERdj5s\'s J domain is responsible for this effect, we expressed a mutant version of ERdj5s in which a critical histidine residue located in its J domain responsible for stimulating BiP ATPase activity is mutated to glutamine (H63Q ERdj5s-FLAG); the full-length version of this mutant protein failed to stimulate BiP ATPase activity and accelerate degradation of an ERAD substrate when compared with the corresponding WT protein ([@B48]). In contrast with WT ERdj5s-FLAG, H63Q ERdj5s-FLAG overexpression failed to stimulate CTA1 retrotranslocation ([Figure 2B](#F2){ref-type="fig"}, top panel, compare lane 3 with lane 1; quantified in [Figure 2C](#F2){ref-type="fig"}). This observation is not due to lower H63Q ERdj5s-FLAG expression when compared with WT ERdj5s-FLAG ([Figure 2B](#F2){ref-type="fig"}, fifth panel from top, compare lane 3 with lane 2). Similar to WT ERdj5s-FLAG, WT ERdj5u-FLAG overexpression also increased CTA1 retrotranslocation by 2.5 fold ([Figure 2D](#F2){ref-type="fig"}, top panel, compare lane 2 with lane 1; quantified in [Figure 2E](#F2){ref-type="fig"}). We conclude that ERdj5 uses its J domain to stimulate CTA1 retrotranslocation, and that this reaction represents a rate-limiting step.

ERdj5 binds to BiP and regulates BiP--CTA interaction
-----------------------------------------------------

ERdj5u was shown previously to interact with BiP ([@B48]). To verify this interaction in our system, we transfected WT ERdj5u-FLAG alone or in combination with C-terminally S-tagged human BiP (BiP-S). When the resulting WCLs were subjected to precipitation using S-antibody--conjugated beads, WT ERdj5u-FLAG precipitated only when BiP-S was coexpressed ([Figure 3A](#F3){ref-type="fig"}, top panel, compare lane 4 with lane 3). Similar results were seen using WT ERdj5s-FLAG rather than WT ERdj5u-FLAG (unpublished data). Thus ERdj5 binds to BiP.

![ERdj5 binds to BiP and regulates BiP--CTA interaction. (A) Cells were transfected with WT ERdj5u-FLAG alone or in combination with BiP-S, and lysed in a buffer containing 1% deoxy Big CHAP. The resulting WCLs were incubated with S-antibody--conjugated beads, and the immunoprecipitates were subjected to SDS--PAGE followed by immunoblotting with the indicated antibodies. (B) Cells transfected with the control Grp94-FLAG or BiP-FLAG were incubated with CT (10 nM) for 90 min and lysed in a buffer containing 1% deoxy Big CHAP. The resulting WCLs were incubated with FLAG antibody--conjugated beads, and the immunoprecipitates were subjected to SDS--PAGE followed by immunoblotting with CTA, CTB, or FLAG antibodies. The vertical black line indicates antibody splicing of the lanes from the same blot. The asterisk denotes a nonspecific protein that interacts with the CTB antibody. (C) Cells transfected with BiP-FLAG and cotransfected with either a scrambled or ERdj5 \#1 siRNA were incubated with CT (10 nM) for 90 min and lysed in a buffer containing 1% deoxy Big CHAP. The resulting WCLs were incubated with FLAG antibody--conjugated beads, and the immunoprecipitates were subjected to SDS--PAGE followed by immunoblotting with the indicated antibodies. WCL samples were also analyzed by immunoblotting with an antibody against CTA and ERdj5. (D) The CTA1 band intensity in (C) was analyzed as in [Figure 1D](#F1){ref-type="fig"}. Mean of three independent experiments. A two-tailed *t* test was used. Error bars: ±SD.](785fig3){#F3}

BiP was previously implicated in binding to CTA in vitro ([@B50]). For evaluating whether this interaction occurs in cells, cells expressing either human BiP containing a C-terminal FLAG epitope (BiP-FLAG) or the ER lumenal chaperone Grp94 containing a C-terminal FLAG epitope (Grp94-FLAG). When WCLs derived from these cells were subjected to precipitation using FLAG antibody--conjugated beads, CTA and CTB (but not CTA1) coprecipitated only with BiP-FLAG but not with Grp94-FLAG ([Figure 3B](#F3){ref-type="fig"}, top and second panels, compare lane 4 with lane 3). Importantly, BiP--CTA interaction decreased significantly when ERdj5u was knocked down ([Figure 3C](#F3){ref-type="fig"}, top panel, compare lane 2 with lane 1; quantified in [Figure 3D](#F3){ref-type="fig"}). We conclude that ERdj5 promotes BiP--CTA interaction in cells.

ERdj5 binds to Sel1L
--------------------

As ERdj5 stimulates BiP-toxin binding, establishing ERdj5\'s physical proximity to the Hrd1 complex would provide a means for the retrotranslocation machinery to capture the toxin. Therefore we asked whether ERdj5 binds to the Hrd1 interaction partner Sel1L ([@B30]) because Sel1L is known to engage BiP in mammalian cells ([@B22]). Additionally, the yeast Sel1L homologue, Hrd3p, is also an established binding partner of Kar2p, the yeast BiP homologue ([@B10]). When a WCL derived from 293T cells was subjected to gel-filtration analysis, a small portion of endogenous ERdj5 cofractionated with endogenous Hrd1 and Sel1L in fractions corresponding to protein complexes larger than 670 kDa ([Figure 4A](#F4){ref-type="fig"}, compare top, middle, and bottom panels, fractions 13--16). (A different ERdj5 antibody was used in this experiment, as it displays a higher affinity for endogenous ERdj5u, although this antibody cross-reacts with the 72-kDa protein ERp72, indicated with an asterisk.) Because monomeric ERdj5 is \<100 kDa, this finding suggests that ERdj5 complexes with other ER proteins. To directly test ERdj5--Sel1L interaction, we subjected a WCL derived from cells transfected with vector or WT ERdj5u-FLAG to precipitation with FLAG antibody--conjugated beads. Endogenous Sel1L precipitated only in cells transfected with WT ERdj5s-FLAG, but not vector ([Figure 4B](#F4){ref-type="fig"}, top panel, compare lane 4 with lane 3). A similar result was found using WT ERdj5s-FLAG (Supplemental Figure S1, top panel, compare lane 4 with lane 3). Both WT ERdj5u-FLAG and WT ERdj5s-FLAG bind to Sel1L with equal affinity (unpublished data). We conclude that transfected ERdj5 binds to Sel1L to associate with the Hrd1 complex.

![ERdj5u binds to Sel1L. (A) A WCL derived from 293T cells was subjected to gel filtration. Individual fractions were subjected to SDS--PAGE and analyzed by immunoblotting using the indicated antibodies. The asterisk denotes ERp72 that cross-reacts with an ERdj5 antibody (Proteintech Group). (B) Cells were transfected with vector or WT ERdj5u-FLAG and lysed in a buffer containing 1% deoxy Big CHAP. The resulting WCLs were incubated with FLAG antibody--conjugated beads, and the immunoprecipitates were subjected to SDS--PAGE followed by immunoblotting with the indicated antibodies. (C) Cells transfected with S/His-Sel1L (1--372) alone or S/His-Sel1L (1--372) and WT ERdj5u-FLAG were lysed in a buffer containing 1% deoxy Big CHAP. The resulting WCLs were processed as in (B). (D) A WCL expressing S/His-Sel1L (1--372) was incubated with the indicated trypsin concentration, subjected to SDS--PAGE, and immunoblotted using an antibody against Sel1L. (E) GFP-FLAG, WT ERdj5u-FLAG, and S/His-Sel1L (1--372) were expressed in 293T cells, and the purified proteins were subjected to SDS--PAGE followed by Coomassie blue staining. Fraction 27 during purification of S/His-Sel1L (1--372) is shown. (F) S/His-Sel1L (1--372) was incubated with either GFP-FLAG or WT ERdj5u-FLAG, and the samples were precipitated using S-antibody--conjugated beads. The immunoprecipitates were subjected to SDS--PAGE followed by immunoblotting with the indicated antibodies. The input samples were also analyzed by immunoblotting with the appropriate antibodies.](785fig4){#F4}

We next sought to identify regions in Sel1L that interact with ERdj5. Sel1L is predicted to be a type I transmembrane protein with most of the protein found in the ER lumen ([@B33]). Its lumenal portion contains 11 "Sel1-repeats" or tetratricopeptide repeat (TPR) domains ([@B7]). A construct containing an S-tag fused to Sel1L\'s first 372 amino acids that harbors four TPR domains (S-Sel1L (1--372)) was previously found not to bind to Hrd1, in contrast with the corresponding full-length S-Sel1L construct ([@B7]). We inserted a 6× histidine tag (His) between the S-tag and the Sel1L (1--372) sequence to generate the S/His-Sel1L (1--372) construct. Cells were transfected with S/His-Sel1L (1--372) alone or S/His-Sel1L (1--372) and WT ERdj5u-FLAG. The resulting WCLs were subjected to precipitation with FLAG antibody--conjugated beads. We found that both endogenous Sel1L and S/His-Sel1L (1--372) coprecipitated with WT ERdj5u-FLAG ([Figure 4C](#F4){ref-type="fig"}, top and bottom panels, lane 4), perhaps with S/His-Sel1L (1--372) displaying a slightly lower affinity to ERdj5 than full-length Sel1L. These findings implicate Sel1L\'s N-terminal 372 amino acids in binding to ERdj5. S/His-Sel1L (1--372) and endogenous Sel1L display similar sensitivity to digestion by increasing trypsin concentration ([Figure 4D](#F4){ref-type="fig"}, compare top and bottom panels, lanes 1--4), suggesting that the truncated Sel1L is not globally misfolded and therefore is unlikely to engage ERdj5 as a substrate. To determine whether Sel1L (1--372) binds to ERdj5 directly, we purified WT ERdj5u-FLAG and S/His-Sel1L (1--372), as well as the control protein green fluorescent protein (GFP)-FLAG from 293T cells ([Figure 4E](#F4){ref-type="fig"}, lanes 1--3). When S/His-Sel1L (1--372) was incubated with either GFP-FLAG or WT ERdj5u-FLAG, and the samples were subjected to precipitation with S-antibody--conjugated beads, we found only WT ERdj5u-FLAG, not GFP-FLAG, coprecipitated with S/His-Sel1L (1--372) ([Figure 4F](#F4){ref-type="fig"}, top panel, compare lane 4 with lane 3). We conclude that Sel1L\'s N-terminal domain binds directly to ERdj5.

Our results demonstrating that ERdj5 interacts with Sel1L, coupled with the previous finding that BiP binds to Sel1L ([@B22]), raise the possibility that BiP\'s interaction with Sel1L might require ERdj5. However, during purification of S/His-Sel1L (1--372), we noted that a pool of S/His-Sel1L (1--372) copurified only with BiP (Figure S2A, fraction 32), while another pool did not (Figure S2A, fraction 27). This observation suggests that Sel1L\'s N-terminal domain can bind BiP without ERdj5\'s assistance. Intriguingly, glycosylated Sel1L (1--372) was also found in fraction 32, implicating glycosylation of Sel1L in mediating its interaction with BiP. (S/His-Sel1L (1--372) from fraction 27 was used in [Figure 4, E and F](#F4){ref-type="fig"}, because this fraction lacked BiP). To further substantiate that BiP\'s binding to Sel1L does not require ERdj5, we found ERdj5 knockdown does not affect the ability of transfected S/His-Sel1L (1--372) to coprecipitate endogenous BiP (Figure S2B, compare lane 8 with lane 7). We conclude that the BiP--Sel1L interaction does not require ERdj5.

Sel1L binds to CT and mediates CTA1 retrotranslocation
------------------------------------------------------

Because ERAD substrates can use Sel1L-independent mechanisms for ER membrane transport ([@B4]; [@B45]), we next asked whether Sel1L functions in CTA1 retrotranslocation. We first sought to establish a physical interaction between Sel1L and CT. Cells transfected with or without S-Sel1L were incubated with or without CT (10 nM) for 90 min. The resulting WCLs were incubated with S-antibody--conjugated beads to precipitate S-Sel1L. We found that CTA and CTB precipitated only when S-Sel1L is expressed ([Figure 5A](#F5){ref-type="fig"}, top two panels, compare lane 3 with lane 2), indicating Sel1L binds to the holotoxin. That Sel1L binds to CT and our earlier result demonstrating the Hrd1 complex also interacts with CT ([@B3]) prompted us to test whether the toxin cofractionates with Sel1L and Hrd1 in a gel-filtration analysis. Indeed, we found a small CTA pool cofractionates with endogenous Sel1L and Hrd1 ([Figure 5B](#F5){ref-type="fig"}, fractions 14--18). Thus a pool of CT forms a complex with the Hrd1-associated machinery, consistent with the coimmunoprecipitation data.

![Sel1L binds to CT and mediates CTA1 retrotranslocation. (A) Cells transfected with or without S-Sel1L were intoxicated with or without CT (10 nM) for 90 min and lysed in a buffer containing 1% deoxy Big CHAP. The resulting WCLs were incubated with S-antibody--conjugated beads, and the immunoprecipitates were subjected to SDS--PAGE followed by immunoblotting with the indicated antibodies. WCL samples were also analyzed by immunoblotting with the appropriate antibodies. (B) As in [Figure 4A](#F4){ref-type="fig"}, except cells were intoxicated with CT (10 nM), semipermeabilized with 0.01% digitonin, and centrifuged to remove toxin in the cytosol; this was followed by solubilization of the resulting pellet with 1% digitonin. (C) As in [Figure 1A](#F1){ref-type="fig"}, except two different Sel1L-directed siRNAs (Sel1 \#1 and \#2 siRNAs) were used. (D) Cells transfected with a scrambled or Sel1L \#1 siRNA were harvested and lysed in a buffer containing 1% deoxy Big CHAP, and the resulting WCLs were subjected to immunoprecipitation with a Derlin-1−specific antibody. The immunoprecipitates were analyzed by immunoblotting using the indicated antibodies. (E) Cells transfected with a scrambled, Sel1L \#1 siRNA, or Sel1L \#2 siRNA were intoxicated with CT (10 nM) for 90 min. Cells were subjected to the retrotranslocation assay, and the supernatant and pellet fractions were analyzed as in [Figure 1C](#F1){ref-type="fig"}. (F) The CTA1 band intensity in (D) was analyzed as in [Figure 1D](#F1){ref-type="fig"}. Mean of three independent experiments. A two-tailed *t* test was used. Error bars: ±SD.](785fig5){#F5}

For addressing whether Sel1L functionally regulates CTA1 retrotranslocation, cells were transfected with a scrambled siRNA or either of two siRNAs directed specifically against Sel1L (i.e., Sel1L \#1 and \#2 siRNAs) and harvested, and the resulting WCL was subjected to SDS--PAGE and immunoblotting. An efficient Sel1L knockdown was achieved using either Sel1L-specific siRNAs ([Figure 5C](#F5){ref-type="fig"}, top panel, compare lanes 2 and 3 with lane 1). Under the knockdown conditions, neither the ERdj5, Hrd1, nor Derlin1 levels were affected ([Figure 5C](#F5){ref-type="fig"}, second, third, and fourth panels from top). Furthermore, the UPR marker BiP was also unaffected ([Figure 5C](#F5){ref-type="fig"}, fifth panel from top). A coimmunoprecipitation experiment revealed that Sel1L knockdown (using Sel1L \#1 siRNA) does not affect Hrd1--Derlin-1 interaction ([Figure 5D](#F5){ref-type="fig"}, compare lane 2 with lane 1), suggesting that Sel1L down-regulation does not disrupt the Hrd1 complex globally. However, when cells were subjected to the semi­permeabilized retrotranslocation assay, CTA1 ER-to-cytosol transport was attenuated when Sel1L was knocked down using either siRNA ([Figure 5E](#F5){ref-type="fig"}, top panel, compare lane 2 and 3 with lane 1; quantified in [Figure 5F](#F5){ref-type="fig"}). We conclude that Sel1L plays a functional role during CTA1 retrotranslocation.

ERdj5 knockdown decreases Hrd1--CTA interaction
-----------------------------------------------

We demonstrated previously that the Hrd1-associated complex binds to and facilitates toxin retrotranslocation ([@B3]). We reasoned that, should ERdj5\'s regulation of the CTA--BiP interaction precede binding of CTA to Hrd1, silencing ERdj5 ought to block CTA--Hrd1 interaction. Indeed, in cells incubated with CT for either 45 min or 90 min, coimmunoprecipitation experiments revealed that endogenous Hrd1 binds CTA less efficiently at both time points when ERdj5 is knocked down using ERdj5 \#1 siRNA ([Figure 6A](#F6){ref-type="fig"}, top panel, compare lane 2 with lane 1 and lane 4 with lane 3). Under the scrambled condition, less CTA bound to Hrd1 at the 90-min time point than at the 45-min time point ([Figure 6A](#F6){ref-type="fig"}, top panel, compare lane 3 with lane 1), perhaps reflecting either less toxin binding to Hrd1 or more efficient toxin release from Hrd1 at the later time point. Regardless, these findings demonstrate that ERdj5 regulates a critical upstream step that delivers CTA to Hrd1, likely due to ERdj5\'s ability to promote CTA-BiP binding.

![ERdj5 knockdown reduces Hrd1--CTA interaction. (A) Cells transfected with either scrambled or ERdj5 \#1 siRNA were incubated with CT (10 nM) for 45 min or 90 min and lysed in a buffer containing 1% deoxy Big CHAP. The resulting WCLs were incubated with a Hrd1 antibody, and the immunoprecipitates were subjected to SDS--PAGE followed by immunoblotting with the indicated antibodies. WCL samples were also analyzed by immunoblotting with the indicated antibodies. (B) Model of ERdj5- and Sel1L-dependent CTA1 retrotranslocation. Using its J domain, ERdj5 stimulates BiP\'s ATPase activity, enabling BiP to engage the toxin (step 1). Because ERdj5 interacts with the Hrd1 adaptor Sel1L, this reaction occurs proximal to the Hrd1**-**associated complex. On release from BiP, CTA is reduced and unfolded and is competent for retrotranslocation across the Hrd1 membrane complex (step 2). See the text for more detailed discussion.](785fig6){#F6}

EDEM1 and OS-9 do not play important roles in CTA1 retrotranslocation
---------------------------------------------------------------------

We identified ERdj5 as a direct Sel1L-binding partner that regulates CTA1 retrotranslocation. EDEM1 and OS-9 are two ER-resident, Sel1L-interacting proteins that execute important roles during ERAD ([@B7]; [@B9]). Accordingly, we tested whether EDEM1 and OS-9 control CTA1 retrotranslocation. When EDEM1 and OS-9 were knocked down in cells using their respective oligonucleotide-specific siRNAs (Figure S3A), the CTA1 level in the supernatant fraction derived from the semipermeabilized retrotranslocation assay was unaffected when compared with scrambled control (Figure S3B, top panel, compare lanes 2 and 3 with lane 1; quantified in Figure S3C). These findings indicate that EDEM1 and OS-9 do not play significant roles in facilitating ER-to-cytosol transport of CTA1.

DISCUSSION
==========

Retrotranslocation of the enzymatic CTA1 subunit from the ER into the cytosol represents a decisive CT intoxication step. The toxin is postulated to hijack the ERAD machinery to gain entry into the cytosol ([@B21]). The central ERAD components are transmembrane E3 ubiquitin ligases ([@B43]; [@B43]). In this context, our laboratory previously demonstrated an important role for the Hrd1 and gp78 E3 ubiquitin ligases in catalyzing CTA1 retrotranslocation ([@B3]). We also showed that Derlin-1, an adaptor of these ligases, delivers the toxin to Hrd1 and gp78 ([@B3]). Nonetheless, how CT is captured by these E3 membrane complexes to prepare for retrotranslocation is unclear. Using loss-of-function and gain-of-function approaches in a cell-based semipermeabilized system coupled with biochemical interaction studies, we found the ER-resident ERdj5 and Sel1L proteins promote CTA1 retrotranslocation. Our results depict a scenario in which ERdj5 localizes to the Hrd1 membrane complex by binding to the adaptor Sel1L ([Figure 6B](#F6){ref-type="fig"}, step 1). Here, via its J domain, ERdj5 stimulates BiP\'s ATPase activity. This reaction enables BiP to bind the toxin, effectively delivering the toxin to the Hrd1 complex. Once the toxin is released from BiP, CTA is reduced to generate CTA1 via the action of an unidentified reductase. PDI then unfolds CTA1 ([@B47]; [@B13]), priming the toxin for retrotranslocation across the Hrd1 complex ([Figure 6B](#F6){ref-type="fig"}, step 2). How CTA is released from BiP to enable its subsequent reduction and unfolding remains unclear.

Specifically, our data demonstrate that ERdj5 knockdown decreases CTA1 ER-to-cytosol transport, indicating ERdj5 plays a critical role in CTA1 retrotranslocation. However, that ERdj5 knockdown did not block CTA1 retrotranslocation completely suggests that either any residual ERdj5 level is sufficient to support toxin retrotranslocation or that other ER-resident J proteins play a complementary role in driving toxin translocation. Indeed, a report suggests that the ER-resident J protein ERdj3 mediates CTA1 retrotranslocation ([@B31]), although it is unclear whether ERdj3 physically interacts with the Hrd1 membrane complex. This J protein was previously implicated in shiga toxin retrotranslocation ([@B52]). In addition to ERdj3, the ER-resident ERdj4 J protein was recently shown to interact with the Hrd1 adaptor Derlin-1 ([@B27]) to control degradation of different ERAD substrates ([@B12]; [@B5]). Thus ERdj4 may potentially impact CTA1 ER-to-cytosol transport as well.

How might ERdj5 support toxin retrotranslocation? There are at least two possibilities. First, ERdj5\'s four thioredoxin domains may reduce CTA\'s single disulfide bond to generate the retrotranslocation CTA1 substrate. However, we found that ERdj5 knockdown did not affect CTA1 formation in cells, suggesting that ERdj5\'s thioredoxin domains are not likely to be responsible for reducing CTA\'s disulfide bond. Whether ERdj5\'s reductase activity impacts other ERAD components to indirectly control CTA1 retrotranslocation requires further experimentation. In this context, recent reports identified an ER flavoprotein called ERFAD ([@B39]) bound to the PDI family member ERp90 ([@B40]). As ERFAD interacts with both Sel1L and ERdj5 ([@B39]), the ERFAD-ERp90 complex may provide the source of reductase activity to generate CTA1.

Another possibility by which ERdj5 promotes CTA1 retrotranslocation is through engaging the ER Hsp70 BiP. As BiP was shown previously to control CTA1 retrotranslocation in vitro by holding the toxin in a soluble, transport-competent state ([@B50]), it is possible that ERdj5\'s J domain stimulates BiP\'s ATPase activity to induce toxin binding. The importance of ER-resident J proteins and BiP in maintaining ERAD substrates in a soluble state competent for retrotranslocation has also been observed in yeast ([@B36]). Indeed, we found BiP binds to CTA in cells, and this interaction is markedly decreased in ERdj5\'s absence, suggesting that ERdj5\'s J domain controls BiP--toxin interaction. Consistent with this result, overexpression of WT ERdj5, but not an ERdj5 J domain mutant, stimulated CTA1 retrotranslocation. Thus our evidence demonstrates that ERdj5\'s J domain plays a critical role during toxin retrotranslocation. That BiP binds to CTA and not CTA1 indicates that this chaperone interacts with the toxin prior to its reduction. Although perturbing BiP activity in cells leads to ER stress ([@B28]), thereby precluding an accurate assessment of BiP\'s role in mediating CTA1 retrotranslocation, our observations that ERdj5\'s J domain is both critical for promoting BiP--toxin binding and toxin retrotranslocation strongly suggest that BiP executes an important role in toxin ER-to-cytosol transport in cells.

As BiP binds to Sel1L in mammalian cells ([@B22]), and Kar2p interacts with Hrd3p in yeast ([@B10]), we next explored the possibility that BiP\'s cochaperone ERdj5 might also bind to Sel1L in mammalian cells. Gel-filtration analysis suggests that a small portion of ERdj5 exists in a large-molecular-weight complex that cofractionates with Sel1L and Hrd1. Coimmunoprecipitation experiments, as well as in vitro binding studies using purified components, established a direct physical interaction between ERdj5 and Sel1L\'s N-terminal region (i.e., aa 1--372). Whether the four TPR domains contained within this region are responsible for contacting ERdj5 is unknown. Interestingly, a previous study found Sel1L\'s N-terminal region did not bind to its other chaperone adaptors, OS-9 and XTP3-B ([@B7]), suggesting that Se11L\'s C-terminal lumenal domain proximal to the ER membrane mediates binding to these adaptors. We do not know whether Sel1L\'s N- or C-terminal domain engages EDEM1, another Sel1L adaptor. Regardless, it appears that different regions of Se11L\'s lumenal domain are geared to interact with different adaptors. This is likely a critical feature of Sel1L\'s role as a molecular scaffold, providing an ERAD substrate an opportunity to select and engage only a subset of Sel1L adaptors prior to transport across the Hrd1 complex; that CTA1 uses only ERdj5, but not EDEM1 nor OS-9, underscores this selectivity. Our binding studies also demonstrate that spliced and unspliced ERdj5 displayed a similar affinity to Sel1L (unpublished data). As spliced ERdj5 lacks 46 amino acids within a redox-inactive domain present in unspliced ERdj5 (i.e., the so-called Trxb1 domain; [@B20]), this part is not likely to be responsible for engaging Sel1L.

Identifying an ERdj5-Sel1L complex prompted us to examine whether Sel1L functions in CTA1 retrotranslocation, especially considering that ERAD substrate degradation can occur using a Sel1L-independent mechanism ([@B33]; [@B4]; [@B35]; [@B45]). CT coprecipitated with Sel1L, suggesting a physical interaction between them. Moreover, a pool of CT cofractionated with Sel1L and Hrd1 in gel-filtration analyses. Although these findings do not indicate whether Sel1L or Hrd1 directly bind to the toxin, they are consistent with the premise that CT forms a complex with the Hrd1-associated retrotranslocation machinery, which includes Sel1L and Hrd1. Next our functional results demonstrate that, when Sel1L is knocked down, CTA1 ER-to-cytosol transport decreases by ∼50%, indicating Sel1L plays a role in this process. This effect is unlikely due to Hrd1 destabilization, because Hrd1\'s steady-state level is unchanged under the Sel1L knockdown condition, consistent with a recent report ([@B23]). In yeast, Sel1L\'s homologue Hrd3p stabilizes Hrd1p ([@B37]; [@B15]), whereas in mammals, Hrd1 stabilizes Sel1L ([@B23]). In our experiments, Hrd1 interacts efficiently with its adaptor, Derlin-1, even when Sel1L is silenced, suggesting that the Hrd1 membrane complex is largely intact in Sel1L\'s absence. This observation is also consistent with the finding that silencing Sel1L marginally affected the Hrd1 complex ([@B23]). One possible explanation for why down-regulating Sel1L only led to a 50% reduction in CTA1 retrotranslocation is that gp78, which also mediates CTA1 retrotranslocation ([@B3]), does not bind Sel1L ([@B22]; Christianson *et al*., 2011). Therefore CTA1 translocation across the gp78 complex would not require Sel1L. This explanation raises the question as to how gp78, lacking Sel1L as a binding partner, is linked physically to the BiP-ERdj5 chaperones. Perhaps unidentified gp78 adaptors provide this link, or gp78 uses a different machinery to capture the toxin. Interestingly, Sel1L\'s role in CTA1 membrane transport is not restricted to this toxin, as a recent report suggests that Sel1L promotes ricin toxin A chain retrotranslocation ([@B38]).

Finally, we found that silencing ERdj5 decreases CTA--Hrd1 interaction, indicating ERdj5 executes a role in CTA1 retrotranslocation upstream of Hrd1. This result further supports our model ([Figure 6B](#F6){ref-type="fig"}), wherein Sel1L forms a scaffold on which the ERdj5-BiP chaperones dock and capture CT (and presumably other ERAD substrates). Because the BiP--Sel1L interaction does not require ERdj5, the CTA bound to BiP is likely targeted to the Sel1L/Hrd1 complex because of BiP\'s interaction with Sel1L, but not due to ERdj5\'s binding to Sel1L. Regardless, once CTA is released from BiP, it is eventually transferred to Hrd1 via Derlin-1 ([@B3]). As we are unable to establish any physical interaction between CTA and ERdj5 (unpublished data), we believe ERdj5 does not serve as a chaperone to transfer the released toxin to Hrd1. After reduction and unfolding, CTA1 translocates across the Hrd1 complex to reach the cytosol. We note that, in addition to acting as a scaffold to enable binding of other adaptors, the yeast Sel1L homologue, Hrd3p, itself can engage ERAD substrates directly ([@B10]; [@B16]; [@B45]). These two possibilities may operate simultaneously to expand the repertoire of substrates that can be captured by the Hrd1 membrane complex to initiate retrotranslocation. Clearly, substrate recognition during ERAD is a complex process, regulated by different E3 ligase adaptors in a substrate-dependent manner.

MATERIALS AND METHODS
=====================

Materials
---------

Polyclonal antibodies against PDI and Hsp90 and an ERdj5 antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA); another ERdj5 and Hrd1 antibodies were purchased from Proteintech Group (Chicago, IL); the Sel1L antibody was from Enzo Life Sciences (Farmingdale, NY); the FLAG and EDEM1 antibodies were from Sigma-Aldrich (St. Louis, MO); the S-tag and OS-9 antibodies were from Abcam (Cambridge, MA); and the polyclonal and the monoclonal BiP antibodies were from BD Biosciences (San Jose, CA). The polyclonal CTA antibody was produced against denatured CTA purchased from EMD Biosciences (San Diego, CA). The polyclonal Derlin-1 antibody was a gift from T. Rapoport (Harvard University), and the S-Sel1L (1--372) construct was a gift from J. Christianson (Oxford University). Purified CT was purchased from EMD Biosciences.

Generation of ERdj5, BiP, Grp94, and Sel1L constructs
-----------------------------------------------------

BiP, Grp94, and WT ERdj5s cDNAs were isolated from 293T cells total RNA. For generating BiP-S, BiP-FLAG, and WT ERdj5s-FLAG, the C-terminal S- or FLAG-tag sequences were inserted before each ER retention KDEL sequence using primers containing the respective tag sequences. The resulting PCR products were inserted into a pcDNA3.1(−) vector using a standard cloning method. For generation of WT ERdj5u-FLAG, the spliced region was amplified using overlapping PCR, and the resulting PCR product was inserted into WT ERdj5s-FLAG using a standard cloning method. For generation of H63Q ERdj5s-FLAG, histidine at the residue 63 was mutated to glutamine with overlapping PCR. The resulting PCR product was inserted into pcDNA3.1(−) vector using a standard cloning method. For generation of Grp94-FLAG, the BiP coding sequence of BiP-FLAG was replaced with the Grp94 coding sequence. For generation of S/His-Sel1L (1--372), the histidine tag sequence was inserted between the S tag and Sel1L coding sequences of the S-Sel1L (1--372) expression vector using an overlapping PCR method. All vectors were sequenced prior to experimentation.

Retrotranslocation assay
------------------------

As described previously in [@B2]), except after digitonin treatment, cells were centrifuged at 100,000 rpm for 10 min in a TLA 100 rotor (Beckman Coulter, Brea, CA).

Cell transfection
-----------------

The 293T cells were grown to 30% confluency on a 10-cm dish prior to transfection with the Effectene system (Qiagen, Chatsworth, CA). The cells were grown for an additional 48 h prior to experimentation.

siRNA knockdown of ERdj5, Sel1L, EDEM1, and OS-9
------------------------------------------------

The sequences of the siRNAs used in this study are: ERdj5 \#1 siRNA (5′-GGACAAGGAACCAAAGAAT-3′; Invitrogen, Carlsbad, CA); ERdj5 \#2 siRNA (5′-GCTCTTGGCTAGGATGATT-3′; Invitrogen); Sel1L \#1 siRNA (5′-GGCTATACTGTGGCTAGAA-3′; Invitrogen); Sel1l \#2 siRNA: (5′-GCUCAGUAGUACAGAGAAUUU-3′; Dharmacon (Thermo Fisher Scientific, Lafayette, CO); EDEM1 siRNA: (5′-GAGCAAUGAUACAGGAUUAUU-3′; Dharmacon); OS-9 \#1 siRNA: (5′-AUCCCUGAGUUGUUGAGCCCAAU-3′; Invitrogen); and OS-9 \#2 siRNA: (5′-UAACAAACUGGACAGCAGCGUUUCC-3′; Invitrogen). Duplex siRNA (20 nM) was transfected into 293T cells for 24 h according to the manufacturer\'s protocol.

Coimmunoprecipitation
---------------------

The 293T cells were incubated with or without CT (10 or 100 nM) for 90 min. Cells were harvested and lysed in buffer containing KOAc (150 mM) Tris (pH 7.5, 30 mM), MgCl~2~ (4 mM), NEM (10 mM), and protease inhibitors with 1% deoxy Big CHAP (Sigma-Aldrich, St. Louis, MO) for 30 min on ice. Cells were centrifuged at 16,000 × *g* for 10 min, and the supernatant was used for immunoprecipitation experiments. Where indicated, S-antibody--conjugated beads (EMB Millipore, Darmstadt, Germany) or FLAG-antibody--conjugated beads (Sigma-Aldrich) were added to the WCL and incubated at 4°C for 2--4 h. The immune complex was sedimented, washed, and subjected to SDS--PAGE followed by immunoblotting with the appropriate antibody. For the S/His-Sel1L (1--372)--BiP interaction experiment, cells were first treated with 0.02% digitonin and centrifuged. The resulting pellet was solubilized with 1% Triton X-100 to generate the lysate used for immunoprecipitation.

Trypsin digestion
-----------------

A WCL expressing S/His-Sel1L (1--372) was incubated with 5, 15, or 50 μg/ml trypsin at 4°C for 30 min. Samples were subjected to SDS--PAGE followed by immunoblotting using an antibody against Sel1L.

Gel filtration
--------------

The 293T cells were solubilized in 1% digitonin, and the resulting WCL was loaded onto a Bio-Sil SEC 400 gel-filtration column (Bio-Rad, Hercules, CA) and separated with a buffer containing 0.05% digitonin. For the CT-intoxicated sample, 293T cells were first semipermeabilized with 0.01% digitonin and centrifuged to remove any toxin that arrived in the cytosol. The resulting pellet fraction was further solubilized in 1% digitonin and loaded onto the column. Forty fractions (0.5 ml each) were collected, and 0.05 ml of fractions 11--24 was subjected to SDS--PAGE followed by immunoblotting with CTA, ERdj5, Sel1L, and Hrd1 antibodies. For the ERdj5 or CTA immunoblot, 0.3 ml of fractions 11--24 was concentrated and subjected to SDS--PAGE.

Purification of GFP-FLAG, WT ERdj5u-FLAG, and S/His-Sel1L (1--372)
------------------------------------------------------------------

For purification of GFP-FLAG and WT ERdj5u-FLAG, ∼5 × 10^7^ 293T cells were transfected with the DNA constructs. At 48 h posttransfection, cells were harvested; lysed in a buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton X-100, and a protease inhibitor cocktail; and centrifuged at 16,100 × g for 10 min. The resulting supernatant was mixed with anti-FLAG M2 agarose beads (Sigma-Aldrich) and incubated at 4ºC for 2 h. After extensive washing with a buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, and 0.1% Triton X-100, bound proteins were eluted with 0.25 mg/ml FLAG peptide (Sigma-Aldrich). For purification of S/His-Sel1L (1--372), ∼1.5 × 10^8^ 293T cells were transfected with the S/His-Sel1L (1--372) construct using Polyethylenimine "Max" (Polysciences, Warrington, PA). At 48 h posttransfection, cells were harvested; semipermeabilized in a buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 0.02% digitonin, and a protease inhibitor cocktail (Roche, Indianapolis, IN); and centrifuged at 16,100 × *g* for 10 min. The resulting pellet fraction was further lysed with a buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton X-100, and a protease inhibitor cocktail, and centrifuged at 50,000 × *g* for 20 min in the TLA 100.3. The resulting lysate was mixed with a stock imidazole solution to generate a final 30-mM imidazole sample solution and applied to a HisTrap HP column (GE Healthcare, Waukesha, WI) in a fast protein liquid chromatography (FPLC) system (Bio-Rad). After the column was extensively washed with a buffer containing 50 mM HEPES (pH 7.5), 500 mM NaCl, 0.1% Triton X-100, and 30 mM imidazole, bound proteins were eluted with a 30--500 mM imidazole gradient. The peak fractions of S/His-Sel1L (1--372) were pooled and desalted with a spin desalting column (Thermo Fisher Scientific). The desalted sample was applied to a UNO Q column in the FPLC system and eluted with a 50--500 mM NaCl gradient. The peak fractions were pooled, concentrated with a Microcon 30,000 MWCO (Millipore, Billerica, MA), and dialyzed against a buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, and 0.1% Triton X-100.
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